Abstract -This paper proposes the new adaptive protection algorithm for inverse-time overcurrent relays (OCRs) to ensure their proper operating time and protective coordination. The application of the proposed algorithm requires digital protection relays with microcontroller and memory. The operating parameters of digital OCRs are adjusted based on the available data whenever system conditions (system with distributed generation (DG)) vary. Moreover, it can reduce the calculation time required to determine the operating parameters for achieving its purpose. To verify its effectiveness, several case studies are performed in time-domain simulation. The results show that the proposed adaptive protection algorithm can keep the proper operating time and provide the protective coordination time interval with fast response.
Introduction
The overcurrent relays (OCRs) have been most commonly used as an efficient device to protect radial distribution systems. In such systems, the OCRs must operate rapidly to minimize fault duration and damage of equipment. Also, the appropriate time-lag between primary and back-up protections in OCRs must be ensured to avoid unnecessary operation or false trip. In general, the OCR taking its primary protection zone must operate firstly. Then, the OCR for back-up protection should operate only if primary protection fails to operate correctly and after waiting for the appropriate delay duration, which is referred to as the coordination time interval. This means that all protection functions must be coordinated properly with their fast operation for faults occurred in primary zone.
On the other hand, the interest to renewable energies and distributed generation (DG, PV, wind) results in increasing number of installations not only because of its eco-friendly aspects but also its commercial advantages. Since the conventional relays including the OCR operate with fixed parameters (settings), it is difficult to ensure the proper protection operation when operating conditions of radial distribution system are changing as DGs connect and disconnect in the system. This problem becomes more serious if multiple DGs are connected to the system. In particular, the pre-determined coordination between the OCRs is affected by the increased fault current due to the connection of DGs and its reverse flow [1] [2] [3] [4] . To solve this problem, a new adaptive protection algorithm is proposed utilizing the capabilities of the digital protection relay such as intelligent electronic device (IED). Because the digital protection relay is equipped with microcontroller and memory, it is possible to program it with the real-time operating scheme and to store the required data. Moreover, it has communication links to exchange data and operating signals between themselves as well as to reset the protective function settings. It is also noted that they can communicate with the upper-level system such as supervisory control and data acquisition (SCADA) system in modern substation. Therefore, it can adjust their operating parameters and characteristics corresponding to the changes in the distribution system [5] [6] [7] [8] [9] .
In this paper, the proposed adaptive protection algorithm keeps the proper operations and coordination of OCRs with the system data from the digital protection relay even when the operating conditions change due to load variations and/or connection of DGs. Also, it can reduce the computation time required to calculate the operating parameters of OCRs such as pick-up current and time dial setting. The performance of the proposed algorithm is evaluated with several case studies in a radial distribution system by using the power systems computer aided design/electromagnetic transients including DC (PSCAD / EMTDC®) software. protection functions. The OCR transfers a trip signal when the fault current exceeds a pre-determined pick-up current, I pick-up . Its inverse-time current characteristic is expressed as (1) and (2) , which present the dynamics of induction disk OCR [10] .
where T 0 is the operating time, I is the fault current seen by the OCR, TDS is the time dial setting, and M is the ratio of I/I pick-up . Also, A, B, and p are coefficients which so selected as to represent inverse, very inverse, and extremely inverse types of OCR. It is observed from (1) and (2) that the trip time, t(I) is the function of the fault current, I, which may vary during the fault. Therefore, the value of t(I) may be also changed according to the time. This reciprocal number of varying t(I) is integrated from zero unless the fault current is reduced below the pick-up current. If the integration value becomes 1, then, the OCR issues a trip command to the OCR. In other words, the fault current is integrated from zero to the operating time, T 0 . In most cases, the OCRs are applied to a radial distribution system as shown in Fig. 1 . Since the current is flowing from the substation to downward only in one direction, the OCR is connected to the radial line right behind the related bus. Only one OCR is used per a protection zone while two other OCRs are necessary for each direction if the bi-directional flows of fault current are considered. This one-way fault current flowing to downward is passed through a current transformer (CT) between distribution line and OCR. Then, the fault current measured by the CT is used as the input of OCR to determine its operating time. Also, the magnitude of fundamental component of fault current sensed by the CT is sampled as the input for the digital OCR.
The primary and back-up protection zones for OCR-1 and OCR-2 are shown in Fig. 1 . In general, several protective devices installed in series should have the specified operation sequence as in Fig. 1 . This relationship among protective devices are said to be coordinated or selective.
In order to isolate the minimum possible faulted area with, the relays of primary protection zone should be firstly operated depending on the location of the fault, and their associated back-up relays should trip only when the primary relays are not operated correctly. For example, if a fault occurs at the point between the bus 2 and the bus 3 in Fig. 1 , the OCR-2 operates as the primary protection to minimize the outage area, which must be isolated by the operation of the breaker. Also, the OCR-1 should serve as the back-up protection to cut off the fault current if the OCR-2 cannot operate normally. Moreover, it is essential to maintain the proper time interval between the primary and back-up protection. This is called the coordination time interval (CTI) [11] [12] , which is usually 0.2 s to 0.5 s. This CTI is required to apply all protection devices such as even reclosers and fuses as well as relays in a distribution system. Its associated equation is given as in (3). 
where t primary and t back-up are the operation times of primary and back-up protections, respectively. The operating time of the back-up protection is generally larger than that of the primary protection. Therefore, the difference between them should exceed the CTI as (3), which has 0.2 sec as the minimum value as mentioned before. When the DG is connected to a radial distribution system, it can increase the fault current and possibly reverse the direction of power flow. The latter case is illustrated in Fig. 2 that the flow of fault current is changed by connecting the DG at bus 2. In other words, the fault current from the DG flows reversely to the fault location, F1 in Fig. 1 . Then, it is added to the fault current flowing from the substation. This results in increasing the fault Moreover, when the fault occurs at the fault location, F2, it is also increased due to the DG even though there is no reverse flow of the fault current. If the fault occurs at the fault location, F3 on the adjacent feeder, its magnitude sensed by OCR-n also becomes larger since the fault current from DG flows reversely to the F3. Therefore, the OCR-n might function incorrectly unless its operating parameters are changed properly [2, 4, 12] . In summary, the increased fault current can have the undesirable effect on the operation of OCRs in the distribution system. Because the OCRs have the inversetime current characteristics as given in (1) and (2), their operating times are decreased correspondingly to the amount of increase in fault current. In other words, the larger the magnitude of fault current becomes, the faster the OCR will operate. However, note that a too-fast operation of relay may lead to unnecessary removal of a larger portion of the system.
As shown in Fig. 3 , the primary OCR might have difficulty in coordinating with the back-up OCR when the fault current is increased. That is, the required coordination time is reduced as the available fault current increases. This results in mis-coordination. If this fault current is further increased over the rated value of primary relay, it is unable to coordinate with the back-up relay, resulting in possible misoperation. Therefore, the operating parameters of OCRs must be correctly adjusted for the prevailing fault conditions with the direction-sensitive capability of whether the current flows in either direction [4] .
Proposed Adaptive Protection Algorithm
Optimization of the operating sequence of all protective devices while maintaining their protective coordination in the presence of multiple DGs is very complex. In particular, as the number of OCRs and DGs increases, the calculation time required to determine their operating parameters will also increase [6, 7, 9] . For this reason, the adaptive protection algorithm to drastically reduce the computational effort is proposed in this section.
Determination of pick-up current
Assume that the pick-up current, I pick-up of OCR is calculated periodically from the monitored current. It will have different value whenever the system configuration is changed. For each time interval, the load current calculated after a fixed time from its starting point is used to determine the value of I pick-up . The provision of a time delay to stabilize the distribution system is necessary to select a stable load current corresponding to the connection of DG. Then, the value of I pick-up is determined as shown in (4).
where I L | N is the load current calculated after the fixed time from its starting point of N-th time interval. As (4), the new I pick-up is set to be 1.5 times the selected load current because a safety margin must be given to it. This safety margin is necessary so that the OCR operate by the normal load current of the steady-state, which is used to determine I pick-up . In other words, the OCR will trip the intact part of the power system if the value of I L | N is set as the pick-up current. Moreover, the multiplier, 1.5, can be adjusted to provide the required safety margin. Therefore, the pick-up current can be obtained with the load current, which reflects the condition of the system. Note that the length of time interval must be properly set not to calculate the pick-up current too frequently. After another time delay, the value of I pick-up is applied to determine the operating parameters of OCR. This time delay is required so that the OCR operates with its predetermined parameters in case of the fault occurred at the point, where the I L | N is obtained. In other words, if this fault current is used as the pick-up current of OCR directly, it might be too large to separate the fault area from the distribution system correctly. Moreover, this waiting period provides the sufficient time to calculate the new value of time dial setting (TDS), which is described in the following section.
Determination of time dial setting
As mentioned previously, the OCR has two important operating parameters, the pick-up current and TDS. The pick-up current is firstly calculated with the load current by (4) . Then, the new TDS, TDS new is computed by (5) to maintain its original operating time and CTI without regard to the change of system condition. In other words, the TDS new is determined to make the OCR operate similarly to the pre-determined operation time according to the OCR characteristic in (2). 
where the A, B, and p are the associated coefficients of OCR, and M′ is the ratio of I/I pick-up for the current time interval. The M′ becomes different from the M determined form the previous time interval if the I pick-up and fault current is varied depending on the system condition. Their relationship is defined as (6)
In (5), the values of A, B, p, and TDS are kept to be constant even after the system condition is changed. Note that the M can be known by the fault current data stored in the OCR memory. Moreover, analysis of off-line fault current in a distribution system is conducted if it is required to update with the changed data. Therefore, the M′ can be easily calculated by transmitting it to the OCR through the communication links. Consequently, it is possible to obtain the TDS new rapidly because all values in (5) are already known. As well, the TDS can also be obtained more easily for the case that loads and OCR characteristics are changed. In summary, when the load is changed, the update of fault current data is not necessary because it may remain constant in practice. In contrast, the pick-up current is replaced by the new one according to variations of load current. Therefore, only M is changed into M′, and the TDS new is obtained by using (5) . Also, if only characteristics of the OCR are changed, the new TDS is computed with new coefficients, as given by (7) . In this case, the M for previous time interval is the same as the M′ for current time interval because there is no change in both pick-up current and fault current. By the proposed method, the TDS new in (7) can be simply determined in the case that multiple transitions occur. In other words, after the pick-up current and TDS are calculated newly, these operating parameters are then applied to the OCR at the same time.
Procedure to implement the proposed algorithm
The overall procedure to implement the proposed adaptive protection algorithm is shown in Fig. 4 .
Firstly, the values of pre-determined operating parameters, which are Ipick-up.pre and TDS pre , are obtained. Also, the fault current data is stored. Thereafter, the value of I pick-up seen by the OCR is calculated with the information of load current, and held during the time delay before the proposed algorithm is applied to the OCR.
Without any changes in a distribution system, it is possible that the value of I pick-up becomes different from that in the previous time interval. In most cases, it occurs in the first time interval. In this case, the fault current data stored in the OCR is used to find the values of M and M′ in (6) until the fault current data is changed according to the system condition. Then, the two TDS new corresponding to close-in faults for both primary and back-up protection zones are computed by (5) for each OCR during the short time delay. Note that the last OCR in line uses the TDS for only primary protection zone because it avoids providing the back-up protection. After determining the values of I pickup and two TDS new , they are used to replace the predetermined operating parameters.
In a steady-state condition, the next interval is updated with the above new operating parameters. Then, the value of I pick-up is calculated again. If there are still no changes in the system, there is no need to calculate the two TDS new because the value of I pick-up is identical to that for the previous time interval. In other words, the TDSs are kept to be constant with the same I pick-up without changes in system condition.
In the case that there is a change in system by load variation, or connection of DGs, the value of I pick-up becomes different from that of I pick-up.pre or I pick-up determined in the previous time interval. This does not apply to the case that the characteristic of OCR is changed. Then, the two TDS new for the primary and back-up protection are determined as previously. In particular, the updated fault current data is unnecessary for the cases of change in load and OCR's characteristic, as mentioned in sub-section 3.2. Therefore, the two TDSs for these two cases are computed by using (5) and (7), respectively. In contrast, the connection of DG requires updating the fault current data. After transmitting this updated information to the OCR, the M and M′ are calculated by (6) . Thereafter, the TDS new is obtained by (5) . If the condition of system is not changed any more, the applied operating parameters are fixed.
When a fault occurs in the distribution line, the OCR will respond according to the operating parameters, I pick-up and TDS new , which are calculated in above. Then, each OCR determines the operating mode between primary and back-up protections by checking the fault location, which can be found by comparing the monitored fault current to the stored data. Finally, the operating modes of OCR are selected with the proper TDS according to whether it corresponds to the primary or back-up protection.
Test Distribution System and OCR Setting
A test system has been used to evaluate the performance of proposed protection algorithm. The test distribution system is shown in Fig. 5 . This distribution system consists of a 154-kV substation, a 154/22.9-kV transformer of 10 MVA, four loads on the 22.9-kV line, and three OCRs. The load and line impedance data are given in Tables 1 and 2 , respectively. It is assumed that a three-phase short-circuit fault with its fault impedance, R f of 0.01 Ω is applied at bus 4. Then, the system is protected by three coordinated OCRs, which are named OCR-1, OCR-2, and OCR-3. The CT ratios of each OCR are set to be 200:5, 150:5, and 100:5, respectively.
The operating characteristics of three OCRs in Table 3 are selected based on the IEEE standard C37.112 [10] . Note that a three-phase short-circuit fault might occur at each line. Then, according to the fault location, the close-in and far-bus faults have their maximum and minimum values, respectively. In general, the equivalent circuit of distribution system shown in Fig. 6 is used to calculate the short-circuit current by using the impedance method. Each part of power system such as external grid, transformer, and line is converted to its impedance [13] [14] . Then, the operating parameters of OCRs are determined after calculating the short-circuit current with the load and impedance data in Tables 1 and 2 . For example, when a three-phase short-circuit occurs at bus 4 (therefore, it is the far-bus fault of OCR-3), it is calculated by both the value of total series impedance from source to fault location, which is the sum of the impedance for the equivalent circuit in Fig. 6 , and the voltage level of the power system as (8). 
where I sc3 is the magnitude of the three-phase short-circuit current, and U S is the phase-to-phase voltage. Because the source impedance is so small that it can be neglected, the total series impedance from source to fault location is 0.06+j24 [Ω] , and its magnitude is approximately 24 Ω. The waveform of short-circuit current flowing from bus 3 to bus 4 is shown in Fig. 7(a) . The short-circuit current consists of the DC component, which is decreased exponentially based on the ratio of resistance to reactance, and the symmetrical AC component. The responses of these two components are shown in Fig. 7(b) . As mentioned previously, the magnitude of the symmetrical AC component is used as the input of OCRs. It is known from Fig. 7(b) that the root-mean-square (RMS) value of symmetrical AC component is obtained as approximately 550 A. Note that this value is almost same as that of shortcircuit current calculated by (8) .
In Table 4 , the short-circuit currents as close-in (CI) and far-bus (FB) faults are obtained in each line of test distribution system by simulation. Also, their values are compared with those of short-circuit currents calculated by the impedance method as given in (8) . It is clearly observed from Table 4 that as the fault location is closer to the substation, the magnitude of short-circuit current becomes increasing. After calculating the short-circuit current in each line, the operating parameters of all OCRs are determined so that the distribution system can be protected within a proper time. It is assumed that the CI fault current flowing toward downward in line is equal to the FB fault current flowing toward upward in line [11] . Thereafter, all parameters and selected characteristics of three OCRs are given in Table 4 . The operating times obtained from simulation are the times when the integration becomes one as given in (1) and its operating signal is released. When they are compared with the calculated operating times by (2), the results show that they are almost same. For both cases, the CTI of 0.2 s is properly determined for all lines. Also, the time interval required to calculate the new pick-up current and TDSs is assumed to be 1 s. Then, the time delays for measuring the load current and calculating new TDSs of OCRs are 0.3 s and 0.1 s, respectively.
Performance Evaluation
To evaluate the performance of the proposed algorithm, the condition of distribution system is changed by connecting the DG of 4 MVA at bus 2 as shown in Fig. 8 . The output voltage of DG is 10 kV, and it is connected to the system through a 10/22.9 kV transformer.
First, the pick-up current is calculated based on the load current after 0.3 s from the starting point of time interval, which is 0.5 s. It is known from the result in Fig. 9 that the load current seen by OCR-1 is decreased to 1.61 A after connecting the DG. In contrast, the load currents seen by OCR-2 and OCR-3 are slightly changed.
When a three-phase short-circuit with the fault impedance of R f is applied to bus 4, the equivalent circuit considering the connection of DG is formed as shown in Fig. 10 by applying the impedance method. In this case, there are two sources of fault current, and it is described that the two sources are connected in parallel. Moreover, the magnitude of short-circuit current depends on the location, where the DG is connected. Therefore, it is necessary to consider the ratio l, which is defined as the distance from substation to DG over the distance from source to fault location. Since the line distance can be equivalent with its corresponding impedance, the distance between any two buses is represented by the impedance data in Tables 2 and 5 . Then, the total summation of all impedances in the equivalent circuit in Fig. 10 is calculated by (9) .
where Z TR_DG and Z DG are the impedance of transformer connected to the DG and the DG itself, respectively. In the equivalent circuit, the impedances are referred to the secondary side of the transformer, as given in Table 5 . Also, the value of l is 0.4 in this case. 
Finally, the total short-circuit current, I sc3 , which is the sum of I sc3 , DG and I sc3 , substation in the parallel circuit of Fig.  10 , is computed by (10) similar to (8) . Moreover, since OCR-1 can monitor only I sc3 , substation from Fig. 8 and the value of I sc3 is divided into I sc3 , DG and I sc3 , substation , the value of the input for it can be calculated by (11) according to the equivalent circuit. On the other hand, the shortcircuit current for the CI fault at line34 can be also calculated by the same manner as (10) . In this case, the value of l is 0.6 because the DG is still connected at bus 2, however the fault occurs close to bus 3 [15] .
After connecting the DG, the short-circuit currents, I sc3 seen by the OCRs for the CI and FB faults at line34 are given in Table 6 . However, the operating times, T o of OCR-2 and OCR-3 changed by the connection of DG under the previous setting in Table 4 are 0.2615 s and 0.1542 s, respectively. Because they operate quickly, the difference of T o between them is about 0.11 s, which is smaller than the required minimum CTI of 0.2 s. This might cause a protective coordination problem.
When the proposed method in Fig. 4 is applied, the new pick-up currents for OCR-1, OCR-2 and OCR-3 are calculated by (4), they are 2.42 A, 5.57 A, and 5.60 A, respectively. Then, two TDS new fitting to these new pick-up currents are obtained so that the T o of OCRs is kept to be the previously established values required as given in Table  4 . The values of TDS new and T o are given in Table 6 . It is observed that T o for OCR-2 and OCR-3 are now changed to 0.3910 s and 0.1835 s, respectively. The difference is 0.2075 s, which is greater than the required minimum CTI of 0.2 s. Therefore, they satisfy the protective coordination requirements.
Since the short-circuit occurs at line34, OCR-2 and OCR-3 operate as back-up and primary protection, respectively. Then, the CI fault current at bus 3 is considered to evaluate the protection coordination between the OCR-2 and the OCR-3. Therefore, the OCR-3 setting TDS new is for the primary protection. In contrast, the TDS new for OCR-2 is determined for the back-up protection by the CI fault at line34. Because the OCR-3 is the last protective device in the radial line, the setting TDS new is for the primary protection only. Therefore, the proper protection can be still provided by the OCR-3 even though the T o for the primary protection is slightly increased to 0.2343 s from 0.2262 s in Table 4 .
Differently from the above case, the OCR-2 operates as the primary protection if the short-circuit occurs at line23 in Fig. 8 . Moreover, the OCR-1 operates as the back-up protection. In this case, the new pick-up currents for OCR-1, OCR-2 and OCR-3 are equal to the above case. However, the T o of OCR-1 and OCR-2 are changed by connecting the DG. As given in Table 7 , those values are 0.4505 s and 0.1812 s, respectively. It is observed that the T o of OCR-2 is reduced greatly from 0.2467 s (see Table 4 ) to 0.1812 s. This is because only OCR-2 is affected by the short-circuit current from the connected DG. Therefore, the difference of 0.2693 s in T o , which is still valid for the protective coordination because it is larger than the pre-determined CTI of 0.2 s. Also, the values of TDS new and T o with new setting for the OCR-1 and OCR-2 are given in Table 7 . The TDS new of OCR-2 is 0.4424 whereas that for the back-up protection is 0.4569 as given in Table 6 . This means that the OCR-2 can select the operating mode with different TDS new depending on the fault location. When the OCR-2 operates as the primary protection based on the related TDS new , 0.4424, the T o for CI fault at line23 is 0.2455 s, which is very similar to the previously established T o of 0.2467 s (in Table 4 ). Moreover, the CTI between the OCR-1 and OCR-2 decreases from 0.2693 s to 0.2030 s, which is the same to the pre-determined CTI and still satisfies the required minimum CTI of 0.2 s. For the FB fault at line23, it is verified that line23 can be protected by the primary protection of OCR-2 because the To of 0.3788 s is similar to its pre-established value of 0.3915 s in Table 4 . 
Conclusions
This paper proposed a new adaptive protection algorithm for digital overcurrent relays (OCRs) in radial distribution systems that adapts to changes in a distribution system due to connecting/ disconnecting DGs. The proposed method can be applied to the intelligent electronic devices (IED) such as digital (numerical) protection relays because these devices can provide the functions required for data processing, data storage, and communication links. The protection performance of the proposed method was evaluated with simulations on an example system and several case studies. The results showed that the operating time and coordination time interval (CTI) are almost same as their pre-determined values while the operating parameters of OCRs are automatically updated by the proposed simple procedure. Therefore, it could reduce the required calculation time.
In future studies, the adaptive protection algorithm for bi-directional flows of fault currents in both radial and loop distribution systems is will be investigated. 
